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Superconducting  bolometers  have  been  developed  to  detect  sound  waves  incoherently. 
Since  these  bolometers  are  also  broadband  they  could  detect  the  harmonics  of  sound 
waves  generated  after  nonlinear  propagation  through  superfluid  helium. 

Sound  wave  propagation  through  superfluid  helium  shows  an  interesting  behavior  as 
liquid  helium  is  dispersive  and  extremely  nonlinear.  Experiments  have  been  performed 
to  explore  this  behavior  and  how  these  properties  can  be  used  to  an  advantage.  A 
parametric  amplifier  system  has  been  tried  to  potentially  improve  the  signal-to-noise 
ratio  of  the  microscope  by  more  than  10  dB. 

A  new  mechanical  scanner  has  been  developed.  The  new  scanner  has  the  precision 
required  to  image  samples  with  better  resolution  and  it  features  sample  changing 
capabilities  while  the  microscope  is  cooled  at  liquid  helium  temperatures. 
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I.  INTRODUCTION 


This  report  describes  our  progress  on  the  development  of  a  cryogenic 
acoustic  microscope  capable  of  imaging  materials  with  very  high 
resolution.  We  had  already  operated  the  microscope  at  frequencies  as  high 
as  8  GHz  and  examined  samples  with  a  resolution  of  200  A.1  We  have 
concentrated  our  research  on  the  improvements  in  the  system  to  image  at 
higher  frequencies  with  even  better  resolution  and  with  a  better 
signal-to-noise  ratio. 

As  we  go  to  higher  frequencies  in  order  to  improve  the  resolution  the 
acoustic  transducers  appear  as  crucial  elements;  they  have  to  operate 
with  high  efficiency  so  as  to  get  a  high  signal-to-noise  ratio  of  imaging. 

We  have  been  able  to  fabricate  acoustic  transducers  that  convert  nearly 
1 0%  of  the  electrical  input  power  to  acoustic  power  at  frequencies  as  high 
as  30  GHz.  This  is  several  orders  of  magnitude  better  than  any  of  the 
previous  experiments.  To  obtain  our  results  we  have  used  some  principles 
that  were  proposed  as  early  as  20  years  ago  but  never  before  demonstrated 
with  experiments  at  high  frequencies  because  of  insufficient  technology  in 
the  areas  of  thin-film  growth  and  ultra-high  frequency  electronics.  But 
today  both  of  these  technologies  exist  and  we  have  been  able  to  combine 
them  to  achieve  our  results. 

We  have  developed  superconducting  bolometers  to  detect  sound  waves 
incoherently.  Since  these  bolometers  are  also  broadband  they  could  detect 
the  harmonics  of  the  sound  waves  generated  after  nonlinear  propagation 
through  superfluid  helium;  hence  improving  signal-to-noise  ratio  and 
giving  additional  information  about  samples. 

Sound  wave  propagation  through  superfluid  helium  is  an  interesting 
phenomenon  as  liquid  helium  turns  out  to  be  dispersive  and  extremely 
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nonlinear.  There  has  been  a  lot  of  activity  in  the  recent  years  to  ; 

( 

understand  the  peculiar  behavior  of  sound  wave  propagation  in  superfluid 

helium.2’3  We  have  also  performed  experiments  to  explore  this  behavior  ! 

and  how  we  can  take  advantage  of  these  properties  of  liquid  helium.  We  I 

have  worked  on  a  parametric  amplifier  system  that  exploits  dispersive  - 

nonlinear  properties  of  superfluid  helium  and  has  the  potential  to  improve 

the  signal-to-noise  ratio  of  the  microscope  by  more  than  10  dB. 

We  have  also  developed  a  new  mechanical  scanner  that  has  the 
precision  required  to  image  samples  with  better  resolution.  The  scanner 
also  features  sample  changing  capabilities  while  the  microscope  is  cooled 
at  liquid  helium  temperatures. 

With  these  developments  we  are  now  ready  to  operate  the  superfluid 
helium  acoustic  microscope  at  32  GHz  to  image  samples  with  100  A  sound 


waves. 


II.  DEVELOPMENT  OF  HIGH  FREQUENCY  TRANSDUCERS 


Thickness-mode  resonant  thin-film  transducers  are  commonly  used 
for  acoustic  wave  generation  and  detection  at  microwave  freqencies.  Such 
structures  consist  of  a  thin-film  piezoelectric  material  sandwiched 
between  two  metal  electrodes  deposited  on  a  substrate  using  standard 
vacuum  deposition  techniques.  The  thickness  of  the  piezoelectric  material 
is  near  half  an  acoustic  wavelength  to  get  optimum  conversion  efficiency 
and  bandwidth.  An  rf-voltage  is  applied  between  the  electrodes  to  create 
an  electric  field  in  the  piezoelectric  layer  which  generates  plane 
longitudinal  sound  waves  propagating  in  the  substrate.  ZnO  is  generally 
used  as  the  piezoelectric  material  because  of  its  high  electromechanical 
coupling  constant.  It  is  also  suitable  for  thin-film  depositon  in  the  right 
crystal  orientation  by  vacuum  sputtering.4  Thin-film  ZnO  transducers  are 
commonly  used  at  microwave  frequencies  and  they  are  perhaps  the  most 
efficient  means  of  sound  wave  generation  and  detection  at  these 
frequencies.5,6  Typical  two-way  conversion  loss  values  of  10-12  dB  have 
been  measured  at  frequencies  near  4  GHz  with  ZnO  transducers.  These 
transducers  have  been  fabricated  at  frequencies  as  high  as  8  GHz  and 
two-way  conversion  loss  values  as  low  as  30  dB  were  obtained  by 
optimizing  the  film  thicknesses  in  the  transducer  structure.1,6  These 
transducers,  however,  have  been  generally  limited  to  microwave 
frequencies  below  10  GHz.  In  analogy  to  electrical  antennas,  the  acoustic 


radiation  from  the  transducer  can  be  modelled  as  a  radiation  resistance 
for  the  electrical  input  port.  The  acoustic  radiation  resistance  determines 
the  conversion  loss  of  a  piezoelectric  transducer  and  it  decreases  with  the 
square  of  the  frequency5  causing  thin-film  ZnO  transducers  with 
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reasonable  geometries  to  become  very  inefficient  as  the  frequency 
approaches  10  GHz.6  As  an  example,  the  radiation  resistance  of  a  125  pm 
radius  disk  transducer  is  less  than  0.1  Q  at  a  frequency  of  8  GHz.  Such  low 
resistances  are  undesirable  for  two  reasons.  First,  electrically  matching 
the  transducer  to  the  50  Q  characteristic  impedance  of  coaxial  cables  or 
nearly  400  Q  impedance  of  waveguides  becomes  very  difficult.  Second, 
the  presence  of  even  small  electrical  losses  in  the  transducer  and  the 
matching  network  decreases  the  conversion  efficiency  of  the  transducer.6 

There  were  also  some  early  efforts  to  generate  sound  waves  with 
other  piezoelectric  materials  such  as  quartz  or  cadmium  sulfide  at  high 
microwave  or  millimeter-wave  frequencies.  In  1960  Jacobsen  used  a 
single  crystal  quartz  placed  in  a  high-Q  cavity  to  generate  coherent  sound 
at  24  GHz.7  This  was  followed  by  the  work  of  Thaxter  and  Tannenwald  who 
performed  a  similar  experiment  at  70  GHz.8  In  1965  Jacobsen  and  llukor 
extended  the  frequency  of  coherent  sound  wave  generation  to  1 14  GHz.9 
They  used  single  crystal  quartz  and  thin-film  CdS  as  piezoelectric 
materials.  Although  these  experiments  proved  that  coherent  sound  wave 
generation  is  possible  at  these  high  frequencies,  the  high  value  of  the 
conversion  loss  was  a  major  problem.  The  conversion  loss  values  were 
estimated  to  be  greater  than  80  dB  even  at  24  GHz.  The  high-Q  cavity  used 
also  limited  the  frequency  of  operation  to  a  small  range.  Because  of  these 
problems  these  experiments  did  not  attract  much  interest.  All  three  of 
these  experiments  use  surface  excitation  for  the  generation  and  detection 
of  the  sound,10  similar  in  principle  to  the  method  in  the  thin-film  resonant 
devices  described  above.  The  reason  behind  the  low  conversion  loss  again 
could  be  found  in  the  low  radiation  resistance  for  the  transducer 
structure.  Therefore,  it  is  desirable  to  use  a  method  to  increase  the 
radiation  resistance  of  acoustic  transducers  to  improve  the  impedance 


matching  and  to  decrease  the  conversion  loss.  One  method  to  achieve  this 
is  to  use  a  periodic  multilayer  structure. 

II.A.  MULTI-LAYER  ACOUSTIC  TRANSDUCERS 
The  history  of  generating  coherent  sound  with  periodic  multi-layers 
goes  back  some  twenty  years.  In  1 965  Shaw1 1  and  de  Klerk  et  al .12 
realized  that  the  transducer  efficiency  could  be  improved  with 
multi-layers  of  piezoelectric  materials  forming  a  periodic  structure. 

Such  structures  consist  of  alternating  layers  of  piezoelectrically  active 
and  inactive  (or  less  active)  materials  with  a  period  equal  to  the  acoustic 
wavelength.  The  radiation  resistance  increases  as  the  square  of  the 
number  of  active  layers  in  such  a  structure.12,13  Hence,  one  would  like  to 
use  as  many  layers  as  possible.  De  Klerk  e/a/.12  used  multilayer  CdS-SiO 
transducers  to  show  the  improvement  in  the  efficiency  near  1  GHz. 
Conversion  loss  improvements  of  6  and  9.5  dB  compared  to  single-layer 
were  reported  at  1  GHz  for  3  and  5  layer  CdS-SiO  structures, 
respectively.12  In  1 973  Yang  et  a/.14  pointed  out  that  the  advent  of 
superlattices  made  it  feasible  to  use  periodic  layers  to  generate  coherent 
phonons  at  frequencies  from  millimeter-wave  to  infrared.  This  was 
followed  in  1982  by  the  work  of  Wong  et  a/.15  where  they  discussed 
superlattices  made  with  materials  with  strong  piezoelectric  coupling 
coefficients.  In  1982  other  suggestions  for  generating  coherent  phonons 
appeared  in  the  work  of  Ruden  and  Dohler16  and  Quinn  et  a/.17  They 
described  a  superlattice  of  a  nonpiezoelectric  semiconductor  with  layers 
of  alternating  charge,  the  so-called  n-i-p-i  structures.  Dransfeld  has 
elaborated  on  these  systems  in  his  presentation  at  the  symposium  on 
Rayleigh  waves.18 


Here  we  first  describe  a  new  technique  to  fabricate  very  efficient 
multilayer  acoustic  transducers  at  millimeter-wave  frequencies,  using 
ZnO  with  alternate  crystal  structure.19 

II.  A.1 .  MULTILAYER  TRANSDUCER  FABRICATION 

ZnO  is  very  desirable  to  use  in  multilayer  transducers  because  of  its 
high  piezoelectric  coupling  constant.  Therefore,  it  is  possible  to  obtain  a 
reasonably  high  radiation  resistance  with  a  relatively  small  number  of 
layers.  One  constraint  on  the  fabrication  of  multilayer  ZnO  transducers  is 
that  the  entire  deposition  should  be  done  in  one  single  pump-down.  This 
is  required  for  ease  of  fabrication  and  prevention  of  contamination  of  the 
transducer  by  exposure  to  air,  thus  preventing  any  adhesion  problems  in 
the  multilayer  structure.  This  requirement  becomes  especially  important 
in  a  multilayer  transducer  at  millimeter-wave  frequencies  where  several 
layers  are  required  to  get  a  significant  improvement  in  the  conversion 
loss.  Currently  we  deposit  ZnO  by  dc-magnetron  sputtering  from  a  zinc 
target  in  a  80%-20%  oxygen-argon  atmosphere  in  a  vacuum  system 
dedicated  to  ZnO  growth  and  it  is  undesirable  to  introduce  materials  other 
than  the  ones  mentioned  above  in  the  station,  so  as  to  avoid  contaminating 
the  sputtering  system. 

It  is  possible  to  fabricate  a  multilayer  structure  that  satisfies  our 
deposition  requirements  simply  by  alternating  the  orientation  of  the  ZnO 
film.  The  optimal  coupling  between  electrical  and  longitudinal  acoustic 
fields  is  obtained  when  the  c-axis  of  ZnO  is  oriented  parallel  to  the 
applied  electric  field.  As  the  c-axis  is  rotated  from  the  normal  direction, 
the  acoustic  coupling  becomes  weaker.  The  longitudinal  coupling 
coefficient  becomes  zero  when  the  angle  between  the  c-axis  and  the 
electric  field  is  40°.  It  has  been  shown  that  thin-films  of  ZnO  can  be 


grown  with  the  c-axis  at  a  finite  angle  to  the  normal  to  the  substrate  by 
tilting  the  substrates  and  positioning  them  near  the  edge  of  the  plasma  in 
the  sputtering  station.20  Since  the  ZnO  grows  with  the  c-axis  normal  to 
the  substrate  when  it  is  positioned  above  the  center  of  the  target,  one  can 
grow  a  multi-layer  transducer  simply  by  moving  the  samples  back  and 
forth  between  these  positions  during  deposition.  A  conceptual  diagram  of 
multilayer  ZnO  transducers  is  shown  in  Figure  1 . 

Figure  2  shows  a  diagram  of  the  set-up  for  the  deposition  of 
multilayer  transducers.  The  substrate  holder  in  the  basic  ZnO  station  is 
replaced  by  a  system  that  can  position  the  substrate  at  3  different 
locations.  At  position  I,  the  pieces  are  parallel  to  the  zinc  target  and 
centered  opposite  the  target.  This  positioning  yields  "normal"  ZnO  with 
high  piezoelectric  coupling  coefficient.  At  positions  II  and  III  the  pieces 
are  moved  a  distance  d  from  the  center  of  the  target  and  angled 
approximately  40°  with  respect  to  the  target  normal.  At  these  angled 
positions  we  expect  to  grow  ZnO  with  lower  piezoelectric  coupling.  The 
holder  is  moved  between  these  positions  in  the  order  of  1-11-1-111-1*11...  to 
deposit  a  multilayer  transducer.  The  reason  for  using  both  of  the  positions 
II  and  III  is  to  equalize  any  thickness  variations  on  the  substrates  in  the 
direction  parallel  to  the  movement  of  the  substrate  holder.  This  is 
especially  important  when  a  structure  with  a  large  number  of  layers  is 
fabricated.  The  substrate  holder  has  6  holes  to  place  the  samples 
numbered  from  1  to  6  as  shown  in  Figure  2(b).  It  should  be  mentioned  that 
the  holder  does  not  have  circular  symmetry  as  the  holes  have  different 
separations  to  the  center  of  the  station.  As  a  result  some  differences  may 
be  expected  between  samples  mounted  near  the  edge  and  the  middle  of  the 
holder. 
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FIG.  1--  Conceptual  diagram  of  multi-layer  ZnO  transducers. 
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FIG.  2 —  (a)  Cross-sectional  view  of  the  multi-layer  transducer  fabrication 
procedure,  (b)  Bottom  view  of  the  substrate  hoider. 


II.A.2.  RESULTS  AT  LOW  FREQUENCIES 


We  first  tested  the  idea  of  ZnO  multi-layers  by  depositing 
single-layer  thin  films  of  ZnO  at  positions  I  and  II  and  comparing  the 
acoustic  properties  of  these  layers  (Positions  II  and  III  are  symmetrical 
for  the  deposition  of  single-films,  so  it  is  not  necessary  to  compare  the 
films  deposited  at  both  angled  positions  to  the  transducers  fabricated  at 
the  center  of  the  plasma).  The  single-layer  transducers  were  designed  for 
operation  near  8  GHz  and  had  the  following  physical  characteristics: 

ZnO  thickness  4000  A  (half-wave  at  8  GHz) 

T  ransducer  radius  1 25  pm 

Counter-electrode  2000  A  Ti/Au 

Top-electrode  2000  A  Cr/Au 

Substrate  Sapphire 

Figure  3(a)  and  (b)  show  the  room  temperature  two-way  conversion 
losses  measured  for  two  transducers  deposited  at  positions  I  and  II, 
respectively.  The  distance  d  as  defined  in  Figure  2  for  the  transducer  in 
Fig.  3(b)  is  1 .5  inches.  We  have  also  analyzed  the  transducer  structure 
using  the  Mason  model  for  the  transducer5  to  determine  the  piezoelectric 
coupling  constant  that  gives  the  best  match  between  the  theoretical  and 
experimental  responses  for  each  transducer.  We  have  found  that  the 
coupling  constants  for  cases  (a)  and  (b)  are  0.25  and  0.16,  respectively. 

The  coupling  constant  measured  for  case  (a)  is  very  close  to  that  for  bulk 
ZnO  which  proves  that  the  "normal"  ZnO  film  has  nearly  single  crystal 
characteristics  with  the  c-axis  oriented  perpendicular  to  the  substrate. 

The  mechanical  coupling  measured  for  the  transducer  deposited  at  position 
II  is  approximately  50%  lower.  Hence  a  transducer  fabricated  by 
alternatively  stacking  up  these  layers  should  offer  significant 
improvement  in  the  conversion  loss.  It  should  be  noted  that  no  significant 
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shear  wave  generation  was  observed  for  the  transducer  in  case  (b),  which 
indicates  that  the  layer  grown  at  position  II  has  more  of  an  amorphous 
character  rather  than  simple  c-axis  tilting  reported  in  Reference  20. 

We  have  fabricated  multilayer  transducers  by  moving  the  substrate 
between  the  positions  I,  II  and  III  as  described  above.  Figure  4(a)  shows 
the  two-way  untuned  and  tuned  conversion  losses  measured  for  one  of  the 
multilayer  transducers.  The  transducer  was  designed  for  operation  at  8 
GHz  and  was  composed  of  7  normal  and  6  angled  half-wave  layers  of  ZnO. 
The  remaining  transducer  parameters  were  the  same  as  for  the 
single-layer  transducers  except  for  the  counter-electrode  thickness  which 
was  1000  A.  It  can  be  seen  that  the  insertion  loss  of  the  multilayer 
transducer  has  approximately  20  dB  improvement  over  the  single-layer 
case  plotted  in  Figure  3(a)  near  the  center  frequency  of  8  GHz.  The  untuned 
conversion  loss  was  also  measured  at  a  temperature  of  77  K  as  plotted  in 
Figure  4(b).  The  conversion  loss  shows  an  improvement  of  over  1 0  dB 
between  300  K  and  77  K  at  the  center  frequency  near  8  GHz.  We  also  tried 
fixed  tuning  of  the  transducer  and  then  cooling  to  liquid  helium 
temperatures.  Figure  5  compares  the  measured  two-way  tuned  conversion 
loss  of  a  multilayer  transducer  to  that  of  a  single-layer  transducer  both 
operating  at  4  K.  Both  transducers  were  tuned  at  room  temperature  near 
8.4  GHz  to  take  the  temperature  variations  in  the  microwave  matching 
network  into  account.1  The  two-way  tuned  conversion-loss  at  the  center 
frequency  for  the  multilayer  transducer  is  only  1 2  dB  which  is  1 8  dB 
better  than  the  single-layer  case.  The  bandwidth  of  the  transducer  is 
approximately  200  MHz,  approximately  the  same  as  the  single-layer 
transducer. 

It  should  be  noted  that  the  multilayer  transducers  mounted  in  holes 
1  and  6  in  the  substrate  holder  during  ZnO  deposition  always  showed  the 
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FIG.  4--  Measured  two-way  conversion  loss  for  a  multi-layer 

transducer  designed  for  8  GHz  operation,  (a)  Temperature 
300  K,  (b)  Temperature  77  K. 
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MULTI-LAYER  vs  SINGLE- LAYER 


on  of  two-way  tuned  conversion  loss  for  single-  and  multi-layer  transducers 


best  response.  The  transducers  fabricated  in  holes  3  and  4  had  nearly  20 
dB  higher  conversion  loss.  This  behavior  can  be  explained  by  the 
observation  that  the  angled  films  deposited  in  holes  1  and  6  had  lower 
piezoelectric  constants  compared  to  the  ones  in  3  and  4.  Greater 
modulation  of  the  piezoelectric  constant  for  the  multilayer  transducers 
fabricated  in  holes  1  and  6  results  in  the  improvement  in  the  conversion 
loss. 

We  have  also  fabricated  multilayer  structures  for  operation  at  12 
GHz.  Figure  6  shows  the  tuned  and  untuned  conversion  loss  of  a  multilayer 
transducer  measured  at  300  K  and  77  K.  The  transducer  is  again  composed 
of  13  layers  of  normal  and  tilted  ZnO  layers.  Each  layer  is  2700  A  thick. 

It  can  be  seen  that  the  minimum  low-temperature  tuned  conversion  loss  is 
approximately  22  dB  around  12  GHz.  This  is  nearly  10  dB  better  than  the 
value  measured  for  single-film  tranducers  operating  under  similar 
conditions.  Figure  6  also  shows  stronger  acoustic  resonances  near  8  and 
10  GHz.  The  reason  for  this  behavior  is  still  unknown  and  is  being 
investigated  using  a  theoretical  model  for  the  transducer. 

II  A3.  MULTILAYER  TRANSDUCERS  AT  MILLIMETER-WAVE  FREQUENCIES 

We  continued  on  the  use  of  this  technique  to  generate  acoustic  waves 
at  millimeter-wave  frequencies  in  the  Ka-band  (26.5-40  GHz). 

Extrapolating  the  results  of  the  12  GHz  experiment,  we  designed  and 
fabricated  multilayer  ZnO  transducers  for  operation  around  a  center 
frequency  of  32  GHz.  The  physical  characteristics  of  the  transducer 
structure  are  listed  below. 


ZnO  thickness  (each  layer) 

950  A 

Total  number  of  ZnO  layers 

15 

Transducer  radius 

20  pm 
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FIG.  6--  (a)  300  K  and  (b)  77  K  measured  conversion  loss  for  a 
multi-layer  transducer  designed  for  12  GHz. 
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Counter-electrode  1 000  A  Ti/Au 

Top-electrode  1 500  A  Cr/Au 

Substrate  Sapphire 

Substrate  thickness  2.6  mm 

The  electrical  coupling  to  the  transducer  was  achieved  by  using  a  50 
pm  diameter  gold  wire  thermo-compression  bonded  to  the  top-electrode  of 
the  transducer.  Since  the  transducer  was  too  small  for  direct  bonding  of 
the  wire,  an  offset  top-electrode  technique21  was  used.  The  other  end  of 
the  wire  was  connected  to  a  microstrip  line  with  a  characteristic 
impedance  of  50  Q  using  indium  solder.  The  length  of  the  wire  was  kept 
very  short  (less  than  0.5  mm)  to  minimize  the  series  reactance.  An  SMA 
connector  at  the  other  end  of  the  microstrip  line  was  used  to  bring  the 
electrical  signals  in  and  out  of  the  transducer.  The  counter-electrode  of 
the  transducer  was  pressure  contacted  to  the  ground  plane  of  the 
microstrip  line. 

The  acoustic  attenuation  in  the  2.6  mm  long  sapphire  substrate  is 
larger  than  50  dB  at  room  temperature.  To  reduce  the  attenuation  to 
reasonable  levels,  the  measurements  were  taken  after  cooling  down  the 
substrate  in  liquid  nitrogen  at  a  temperature  of  77  K.  Figure  7  shows  the 
measured  two-way  untuned  conversion  loss  values  as  a  function  of 
frequency  for  the  best  transducer.  It  can  be  seen  that  the  minimum  value 
of  the  conversion  loss  is  30  dB  at  a  frequency  of  28.6  GHz. 

It  must  be  noted  that  the  results  plotted  in  Figure  7  contain  some 
losses  in  the  sapphire  substrate.  These  losses  are  mainly  due  to 
diffraction  and  acoustic  attenuation  in  the  sapphire  rod.  The  diffraction 
in  sapphire  was  calculated22  for  propagation  along  the  c-axis  of  sapphire 
as  a  function  of  propagation  distance  in  Fresnel  lengths.  For  the  20  pm 
radius  transducer  at  28.6  GHz  we  have  a  round  trip  propagation  distance  of 


5.2  Fresnel  lengths  resulting  in  a  loss  of  3.2  dB.  Assuming  a  linear 
frequency  dependence  of  attenuation  and  extrapolating  the  sound 
attenuation  from  3.0  GHz,23  we  find  approximately  2  dB  of  acoustic  loss 
for  the  5.2  mm  path  in  the  sapphire.  Additional  losses  in  the  sapphire  can 
occur  because  of  the  transducer's  coherent  sound  generation  and  detection 
properties.  Since  the  sound  wavelength  in  sapphire  is  only  4000  A,  the 
surfaces  of  the  sapphire  substrate  should  be  extremely  parallel  and  flat  to 
minimize  these  losses.  The  presence  of  these  losses  is  easily  determined 
by  looking  at  the  pattern  of  multiple  reflections  in  the  substrate.  An 
exponentially  decaying  echo-pattern  indicates  a  good  substrate  in  terms  of 
parallelism  and  flatness.  Figure  8  shows  the  multiple  reflections  obtained 
with  the  transducer  in  Figure  7.  The  sum  of  the  calculated  diffraction  and 
acoustic  losses  are  in  good  agreement  with  the  difference  between 
successive  reflections  of  approximately  6  dB  indicating  good  substrate 
parallelism  and  flatness.  An  upper  limit  on  the  conversion  loss  in  the 
transducer  can  be  found  by  subtracting  the  loss  due  to  diffraction  from 
the  data  in  Figure  7.  This  calculation  gives  a  two-way  conversion  loss  of 
27  dB  at  28.6  GHz. 

It  should  be  noted  here  that  the  measurements  in  the  experiment 
above  were  taken  with  the  transducer  connected  to  the  microstrip  line  via 
a  gold  wire.  The  input  resistance  of  the  transducer  was  estimated  to  be 
around  1  Q  resulting  in  a  large  electrical  impedance  mismatch  between 
the  transducer  and  the  transmission  line.  Thus  most  of  the  incoming 
electrical  energy  was  reflected  back  without  being  delivered  into  the 
transducer  (like  driving  the  tranducer  with  a  heavily  overcoupled  cavity). 

It  should  therefore  be  possible  to  improve  the  conversion  loss  of  the 
transducer  by  using  an  electrical  impedance  matching  network  (or  using  a 
critically  coupled  cavity)  to  drive  the  transducer.  We  tried  a  simple 
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Echo  pattern  of  28.6  GHz  sound  waves 
in  sapphire  at  77  K. 
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tuning  technique  by  using  a  parallel  stub  on  the  microstrip  line.  This 
resulted  in  an  improvement  of  7  dB  at  Ka-band  giving  a  two-way 
conversion  loss  of  20  dB  at  28.6  GHz.  This  result  is  several  times  better 
than  any  of  the  experiments  previously  done  at  such  high  frequencies.  A 
conversion  loss  of  20  dB  should  be  also  small  enough  for  acoustic 
microscopy  in  superfluid  helium  near  30  GHz  with  an  acceptable 
signal-to-noise  ratio. 


III.  BOLOMETERS  FOR  INCOHERENT  PHONON  DETECTION 


The  acoustic  transducers  previously  mentioned  detect  sound  waves 
coherently,  that  is,  they  respond  to  the  phase  and  amplitude  of  the  incident 
sound  radiation.  Another  method  of  sound  detection  is  to  use  a  bolometer, 
which  measures  the  incident  energy  of  the  sound  without  regard  for 
coherence.  Thus  the  bolometer  can  be  referred  to  as  an  incoherent  phonon 
detector  -  it  counts  the  number  of  incident  phonons. 

Bolometers  are  typically  made  with  materials  where  the  resistance 
varies  as  a  function  of  temperature.  The  sensitivity  of  the  bolometer 
depends  on  the  strength  of  temperature  dependence.  For  this  reason, 
superconductors  are  often  used  for  bolometers  due  to  their  extreme 
temperature  sensitivity  at  the  critical  temperature  that  defines  the 
superconducting  transition.  The  operation  of  the  superconducting 
bolometer  is  as  follows.  The  superconductor  is  biased  (either  with 
temperature,  current,  or  magnetic  field)  so  that  its  resistance  is  just  on 
the  low  side  of  the  resistive  transition.  If  an  acoustic  pulse  is  incident  on 
the  superconductor  it  will  warm  slightly,  causing  the  resistance  to  climb 
as  the  superconductor  becomes  more  "normal."  The  resistance  change  can 
be  measured  by  passing  a  constant  current  through  the  superconductor  and 
measuring  the  change  in  voltage. 

Bolometers  could  have  three  important  uses  for  our  research.  First, 
because  they  are  not  sensitive  to  the  phase  of  the  incoming  phonons,  the 
imperfections  in  the  substrate  crystal  such  as  non-parallelism  and 
flatness  of  the  surfaces  will  not  degrade  the  signal  amplitude.  We  have 
seen  previously  that  with  piezoelectric  transducers  such  imperfections 
cause  problems  with  the  detection  scheme,  especially  at  high  frequencies, 


making  it  difficult  to  perform  some  experiments  such  as  the  measurement 
of  the  sound  attenuation  in  the  substrate. 

Second,  the  bolometers  have  some  potential  to  improve  the 
signal-to-noise  ratio  of  detecting  phonons  relative  to  acoustic 
transducers.  At  the  present  time,  transducers  are  a  much  more  sensitive 
detector  of  coherent  sound  radiation  than  bolometers  for  frequencies  of  8 
GHz  and  under.  As  we  go  to  higher  frequencies,  however,  transducers 
become  less  efficient.  Unlike  transducers,  bolometers  generally  become 
more  sensitive  for  detecting  high  frequency  phonons.  This  is  because  high 
frequency  phonons,  as  they  go  through  the  bolometer  material,  have  a 
higher  scattering  rate,  giving  up  more  energy  to  the  material  and  heating 
it  to  higher  temperatures. 

The  third  important  use  for  bolometers  is  they  are  inherently 
broadband  because  they  are  only  energy  sensitive.  The  piezoelectric 
transducers  we  have  described  are  generally  narrowband.  We  know  that 
the  sound  propagating  in  superfluid  helium  tends  to  generate  harmonics, 
but  these  are  undetectable  with  our  transducers  because  of  bandwidth 
limitations.  Incoherent  bolometers  should  be  able  to  detect  the  harmonics 
of  the  transmitted  sound  waves,  improving  the  signal-to-noise  ratio  of  the 
microscope  and  also  helping  us  understand  the  nonlinear  properties  of  low 
temperature  liquid  helium. 

To  begin  our  work  on  bolometers  we  first  visited  V.  Narayanamurti's 
laboratory  at  AT&T  Bell  Laboratories  to  learn  their  state-of-the-art 
bolometer-receiver  methodology.  Since  then  we  have  fabricated  and 
demonstrated  our  own  bolometers.  An  example  of  an  experiment  is  shown 
in  Fig.  9(a).  The  bolometer  is  a  thin-film  aluminum,  electron-beam 
deposited  at  room  temperature  with  5x10'®  torr  of  oxygen  background 
pressure.  The  oxygen  causes  defects  in  the  aluminum  film  and  raises  the 


FIG.  9--  (a)  The  experiment  for  detection  of  thermal  phonons  from  a  thin-film  heater  using  a 

superconducting  bolometer,  (b)  A  trace  showing  the  detected  longitudinal  and  transverse 
phonons*  (c)  Diagram  of  the  bolometer-acoustic  transducer  to  be  used  on  the  acoustic  lens. 
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critical  temperature  so  that  the  bolometer  can  be  tested  in  a  simple 
pumped  helium-4  bath  (T  =  1.3  K).  (The  superconducting  critical 
temperature  for  pure  aluminum  is  about  1  K  and  goes  up  to  1 .4  -1 .7  K  with 
oxygen.)  The  aluminum  bolometer  in  Fig.  9(a)  has  been  deposited  on  a 
sapphire  slab.  On  the  opposite  face  of  the  slab,  a  thin-film  of  chrome  (500 
A  thick)  has  been  deposited.  When  a  current  pulse  is  passed  through  the 
chrome,  a  pulse  of  thermal  phonons  is  launched  into  the  sapphire  and  can 
be  detected  by  the  bolometer  as  shown  in  the  Figure.  Two  thermal  phonon 
pulses  are  actually  detected  because  the  longitudinal  and  transverse 
phonons  separate  in  time  due  to  their  differing  sound  speeds.  The  data  in 
Fig.  9(b)  demostrate  the  fast  time  response  (<  100  ns)  which  is  required  to 
separate  the  multiple  echoes  in  the  substrate.  In  addition  to  detecting 
thermal  phonons,  we  have  also  fabricated  a  bolometer  next  to  an  acoustic 
transducer  and  measured  coherent  sound  radiation  at  4  GHz.  Fig.  9(c)shows 
how  the  bolometers  can  be  employed  in  the  fabrication  of  an  acoustic  lens 
to  launch  and  detect  focused  sound  waves  in  superfluid  helium.  The 
bolometer  is  in  a  ring  shape  surrounding  the  acoustic  transducer  and  it 
detects  the  phonons  falling  outside  the  transducer.  Therefore,  it  is 
possible  to  detect  phonons  both  coherent,  narrowband  (using  the  tranducer) 
and  incoherent,  broadband  (using  the  bolometer)  simultaneously  with  this 
scheme. 


IV.  SOUND  WAVE  PROPAGATION  IN  PRESSURIZED  SUPERFLUID  HELIUM 

The  signal-to- noise  ratio  of  the  acoustic  microscope  can  be  increased 
very  simply  by  applying  pressure  to  the  superfluid  helium  which  acts  as 
the  coupling  fluid  between  the  lens  and  the  sample.  There  is  an  effective 
attenuation  of  sound  due  to  three-phonon  processes  in  the  liquid  helium. 

This  process,  however  is  very  sensitive  to  the  sound  dispersion  in  the 
helium,  which  is,  in  turn  a  function  of  pressure. 

Figure  10  depicts  a  three-phonon  scattering  event  in  which  two 
phonons  collide  and  form  a  third  phonon.  (The  reverse  process  also 
occurs.)  The  collision  conserves  energy  and  momentum.  The  phonon  energy 
is  IW27C,  and  so  conservation  of  energy  requires  o).,-ko2=(o3.  The  phonon 

momentum  is  hk/27i,  and  so  conservation  of  momentum  requires  k1+k2=k3. 

If  there  were  no  dispersion,  i.e.,  co=c0k  for  all  frequencies,  and  c0  is  a 

constant  speed,  then  the  two  conservation  equations  require  that  the 
phonons  be  collinear  -  all  momenta  in  the  same  direction.  If  the 
dispersion  is  upward  as  shown  in  Figure  10,  then  the  sound  speed  c  is 
increasing  with  frequency.  In  this  case,  we  see  from  the  Figure  that  the 
higher  energy  phonon  tog  will  have  less  momentum  than  the  no  dispersion 

case.  Then  the  two  input  phonons,  co1  and  co2  must  intersect  at  a  finite 

angle  so  that  some  of  their  momentum  will  be  cancelled,  and  the 
momentum  will  then  be  conserved.  We  thus  see  that  the  drawing  in  Figure 
10  is  representative  for  the  upward  dispersion  case.  If  the  dispersion  is 
downward,  the  higher  energy  phonon  co3  has  too  much  momentum,  which 

cannot  be  obtained  from  to1  and  co2.  Hence,  if  the  dispersion  is  downward, 
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FIG.  10—  Diagram  showing  the  scattering  of  two  phonons  to  form  a 
third  one  for  various  dispersion  cases. 
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the  three-phonon  process  cannot  conserve  energy  and  momentum  and  thus 
becomes  quite  unlikely. 

We  are  fortunate  that  in  superfluid  helium  the  dispersion  is 
adjustable.  At  low  pressures,  the  dispersion  is  upward,  and  so 
three-phonon  collisions  occur  at  a  finite  angle.  As  pressure  is  applied,  the 
dispersion  becomes  more  linear  and  above  20  bar,  the  dispersion  is 
downward.  Hence,  above  20  bar  the  helium  should  be  more  transparent  for 
sound,  and  the  signal-to-noise  should  increase. 

There  is  an  additional  change  in  helium  when  pressure  is  applied  : 
several  liquid  parameters  change  such  as  the  density,  sound  speed,  and 
nonlinearity.  All  of  these  parameters  shift  the  scattering  amplitudes  of 
the  three-phonon  processes  down  as  the  pressure  is  increased,  helping  the 
signal-to-noise  ratio  of  the  acoustic  microscope. 

To  test  the  pressure  dependence  of  the  signal-to-noise  ratio  we 
placed  an  acoustic  lens  and  a  reflector  in  a  pressure  cell  (Figure  1 1 ).  The 
cell  has  been  described  previously.2  The  cell  allows  the  lens-sample 
spacing  to  be  adjusted,  and,  of  course, allows  the  application  of  pressure 
to  liquid  helium  up  to  25  atmospheres  at  which  point  liquid  helium 
freezes.  In  the  experiment  we  measured  the  intensity  of  sound  pulses 
which  bounce  off  the  reflector  (flat  sapphire)  and  returns  to  the  acoustic 
lens.  The  received  signal  is  plotted  in  Figure  12  as  a  function  of  pressure 
in  the  cell  for  two  frequencies  with  two  different  acoustic  lenses.  It  can 
be  seen  that  although  the  shape  of  the  curve  is  considerably  different 
between  7  and  8  GHz,  there  is  a  20  dB  increase  in  the  signal-to-noise  ratio 
(SNR)  near  20  atmospheres  as  was  expected  from  the  arguments  above. 

IV.A.  HIGHLY  NONLINEAR  ACOUSTIC  RESONANCE 

At  high  pressures  and  high  acoustic  intensities,  we  expect  the  sound 


Cutaway  figure  of  the  pressure  cell.  A.  Sapphire  rods 
for  the  lens  and  the  flat  reflector.  B  and  C.  Miniature 
bellows.  D.  Pushrod.  E.  Control  capillaries. 

F.  Impedance  matching  circuitry. 


waves  to  generate  many  harmonics  and  form  a  converging  shock  wave.  At 
this  point,  the  sound  intensity  of  the  fundamental  beam  (which  we 
measure)  should  saturate  at  a  maximum  value.  This  effect  has  been  seen 
by  many  observers  previously.  However,  in  our  experiments  -using  very 
high  frequency  coherent  sound  waves  in  pressurized  superfluid  helium  - 
we  see  a  very  different  kind  of  behavior.  The  intensity  of  the  reflected 
pulse  of  a  sound  beam  can  actually  decrease  as  the  input  power  is 
increased.  We  have  seen  this  previously  with  plane  waves.3  We  have 
performed  two  experiments  at  7  and  8  GHz  with  two  different  acoustic 
lenses  to  determine  the  behavior  of  high  intensity  sound  wave  propagation 
in  case  of  focused  sound  beams. 

Figure  13  shows  the  received  power  from  an  acoustic  lens  at  7  GHz 
focused  on  a  flat  sapphire  sample.  As  the  lens-to-sample  spacing  is 
varied,  the  received  power  changes.  At  the  peak  power,  the  lens  is  said  to 
be  in  focus.  At  low  pressures,  the  qualitative  shape  of  the  curve  is  the 
same  independent  of  the  input  acoustic  power  (Fig.  13(a)).  The  shape  is 
relatively  unchanged  as  we  go  to  pressures  greater  than  20  bar  if  we  keep 
the  input  power  low.  But  when  the  input  power  is  turned  up  and  the  helium 
pressure  is  high,  the  shape  of  the  focus  changes  dramatically  (Fig.  13(b)). 
The  curve  shows  some  kind  of  resonant  behavior  where  the  received  power 
oscillates  with  lens-to-sample  spacing.  Note  that  this  behavior  occurs 
when  the  sample  is  pulled  away  from  the  normal  geometrical  focus. 

In  the  second  experiment  that  we  performed  the  frequency  was  8  GHz 
and  we  used  a  different  acoustic  lens  which  was  identical  to  the  7  GHz 
lens  in  terms  of  mechanical  dimensions.  The  received  power  as  a  function 
of  sample  position  is  plotted  in  Figure  14  for  low  and  high  pressure  and 
different  input  power  levels.  It  can  be  seen  that  the  behavior  is  different 
in  this  case  at  high  pressure  and  high  input  powers.  At  low  power  levels 
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V(z)  curves  at  7  GHz.  Positive  z  corresponds  to  moving  away  from  lens,  (a)  At  low  pressures 
increasing  power  has  little  effect  on  shape,  (b)  At  high  pressures  and  high  powers,  V(z)  has 
extended  structure  several  wavelengths  beyond  focus. 
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FIG.  14—  V(z)  curves  at  8  GHz.  (a)  At  low  pressures,  increasing  the  input 
power  reduces  the  received  power  with  little  effect  on  the  shape. 

(b)  At  high  pressures,  increasing  input  power  increases  the  received 
power  and  shifts  the  main  peak. 


the  received  power  is  quite  regular  with  one  peak  at  the  focus  and  nothing 
else  at  both  positive  and  negative  z  positions  at  both  low  and  high 
pressures.  At  high  input  power  levels  we  see  another  peak  appearing  at 
positive  z  (sample  away  from  the  lens)  at  low  pressures.  At  high  pressure 
and  high  input  power  levels,  we  see  the  main  peak  shifting  towards 
positive  z  positions  and  smaller  peaks  appearing  as  the  sample  is  moved 
away  from  the  lens.  We  do  not  find  the  oscillatory  behavior  observed  at  7 
GHz.  We  believe  that  the  differences  in  the  positioning  of  the  transducer 
on  the  sapphire  substrate  which  changes  the  illumination  of  the  acoustic 
lens  by  the  sound  beam  is  responsible  for  the  different  behavior  observed 
in  the  two  experiments.  Therefore,  experiments  as  described  above  can  be 
used  to  determine  the  quality  of  acoustic  lenses.  The  lens  used  in  the  7 
GHz  experiment  is  probably  poorly  illuminated  by  the  sound  waves  coming 
from  the  transducer.  The  V(z)  curve  (received  power  vs.  lens-sample 
spacing)  contains  more  side  lobes.  At  high  input  power  levels  the  main 
lobe  gets  depleted  because  of  parametric  decay  of  sound  and  side  lobes 
become  much  larger  compared  to  the  main  focus. 

IV.B.  SOUND  WAVE  PROPAGATION  AS  A  FUNCTION  OF  PRESSURE 
We  have  also  studied  the  nonlinear  behavior  of  sound  wave 
propagation  quantitatively  as  a  function  of  pressure  in  the  8  GHz 
experiment  above.  Plots  of  the  output  power  as  a  function  of  the  input 
power  are  shown  for  various  pressures  in  Fig.  15,  where  the  input  powers 
are  given  in  terms  of  the  Mach  number  at  the  focus.  The  Mach  number  M  is 
given  by 

M  =  (2I/p0c03)1/2 

where  I  is  the  intensity  of  sound  waves,  p0  and  cQ  are  the  density  and 


Power  Out  (dB) 


speed  of  sound  of  the  propagation  medium,  respectively.  For  each  data 
point,  the  focus  was  adjusted  until  the  signal  was  maximized.  Three 
regions  of  pressure  with  different  behaviors  are  observed.  We  will 
discuss  each  of  these  three  regions  in  turn. 

At  low  pressures,  8  bar  and  12  bar,  the  dispersion  curve  is  upward,  or 
"anomalous,"  that  is,  the  speed  of  sound  increases  with  increasing 
frequency.24  Spontaneous  decay  of  the  signal  is  thus  possible  using  a 
three-phonon  process  (3pp)  where  the  decay  products  have  frequencies  co1 , 

(o2,  and  wavenumbers  k1 ,  k2  satisfying 

co1  +co2*cop;  k.,  +  kg  -  kp  (1) 

where  the  subscript  p  (=pump)  refers  to  the  input  signal.  The  beam  can 
thus  spontaneously  decay  into  two  noncollinear  phonons.  Pump  depletion 
is  the  result  of  parametric  amplification  of  the  stimulated  decay  products. 
Such  behavior  has  already  been  reported  for  plane  waves  in  superfluid 
helium.3 

At  an  intermediate  pressure,  15  bar,  the  dispersion  is  almost  linear. 

As  the  dispersion  gets  more  and  more  linear,  the  available  angle  between 
the  decay  products  gets  smaller  and  smaller.  Hence  we  would  expect  sum 
processes  to  dominate.  That  is,  the  beam  phonons  are  more  likely  to 
scatter  off  each  other  to  produce  harmonics  than  to  scatter  off  the  noise 
to  decay.  The  beam  power  thus  saturates  (see  Fig.  15)  holding  a  constant 
power  for  a  15  dB  range  in  input  power. 

At  high  pressures,  19  bar,  20  bar,  22  bar,  the  dispersion  curve  is  now 
downward,  so  that  neither  the  three-phonon  decay  of  Eqn.  1  nor  harmonic 
formation  is  phase-matched,  that  is,  conserving  both  energy  and 
momentum.  As  one  adds  increasing  amounts  of  power  to  the  system, 
however,  the  output,  rather  than  saturating,  continues  to  rise  to  a  much 


higher  signal  level.  Then  as  more  power  is  added,  the  output  level  actually 
decreases.  The  pump  is  then  experiencing  more  than  the  simple  saturation 
that  might  be  expected  in,  say,  shock  wave  formation,  where  additional 
energy  is  simply  transferred  into  harmonics.  A  decrease  in  output  with 
additional  input  would  seem  to  be  due  to  one  of  two  causes.  Either  there 
is  a  major  alteration  in  the  nature  of  the  medium,  or  there  is  a  stimulated 
process  occurring,  in  which  phase-matched  decay  products  are 
parametrically  amplified  at  the  expense  of  the  pump.  We  will  discuss  each 
in  turn. 

A  number  of  medium-altering  effects  associated  with  high-intensity 
sound  propagation  in  liquid  helium  might  account  for  the  results  at  high 
pressure,  namely  cavitation,  streaming,  vorticity,  and  rapid  melting  and 
freezing.  Above  a  certain  critical  amplitude,  cavitation  can  result  in 
massive  signal  loss.  We  did  not,  however,  observe  any  of  the  usual 
increase  in  noise  associated  with  cavitation  and  bubble  collapse,25,26  even 
using  a  spectrum  analyzer.  Also,  evidence  from  another  system  indicates 
that  the  cavitation  amplitude  increases  linearly  with  frequency,  and 
extrapolation  from  helium  experiments  imply  a  much  higher  threshold  than 
even  the  intensities  used  here.27  On  the  other  hand,  the  present 
amplitudes  are  larger  than  the  onset  for  streaming  reported  in  helium.28 
However,  streaming  is  an  effect  most  associated  with  continuous  sound, 
and  we  were  using  short  pulses  and  low  duty  cycles.  The  returned  signal 
strengths  were  also  independent  of  the  pulse  width  and  repetition  rates. 
Furthermore,  observations  using  a  spectral  analyzer  showed  no  spectral 
(Doppler)  shifts  within  the  roughly  100  MHz  bandwidth  of  the 
lens-amplifier  system.  Another  possibile  effect  is  that  the  intensity  at 
the  focus  could  be  high  enough  to  cause  a  small  section  of  the  superfluid 
to  go  "normal,"  due  to  the  high  vortex  density.  This  process  should  be  a 
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slow  one29  however,  and  experiments  using  multiple  pulses  showed  that 
the  pulses  were  completely  independent/noninterfering  on  time  scales  as 
short  as  100  nanoseconds.  A  final  alternate  explanation  is  rapid  melting 
and  freezing  of  the  helium  at  the  focus.  This  process  is  very  fast, 
occurring  at  even  gigahertz  rates.30  However,  the  output  was  very  stable 
in  time,  and  showed  no  abrupt  change  with  increased  bath  pressure,  as 
might  be  expected  from  a  phase  change,  but  rather  showed  a  slow 
progression  between  the  various  regimes  of  pressure. 

Having  reasons  to  discount  the  helium-altering  effects,  then,  we 
consider  the  possibility  of  a  stimulated  process.  At  high  pressures  the 
simple  three-phonon  process  of  Equation  1  cannot  conserve  both  energy 
and  momentum.  The  next  simplest  decay  process  which  can  conserve  both 
is  the  four-phonon  process  in  which  two  pump  phonons  scatter: 

0^+0,,  =  2<op;  k1  +  k2  -  2kp.  (2) 

Referring  back  to  Fig.  1 ,  one  also  notices  that  the  rate  of  drop  of  output 
signal  with  increasing  input  signal  is  twice  as  steep  as  that  for  low 
pressures.  This  result  is  consistent  with  Eqns.  1  and  2,  since  now  two 
pump  phonons  are  consumed  in  each  stimulated  decay  event,  versus  one  for 
the  three-phonon  process.  Spontaneous  decay  (also  called  parametric 
noise)  via  four-photon  processes  has  been  observed  in  optics.31,32  We 
believe  these  data  to  show  the  first  observation  of  such  a  phenomenon  in 
acoustics. 

Our  work  shows  that  high  frequency  sound  propagation  in 

low-temperature  helium  is  almost  ideal  for  studying  ultra-high 

nonlinearity,  due  to,  for  example,  the  absence  of  impurities,  the  lack  of 

background  noise  (except  quantum  noise),  and  the  high  nonlinearity  which 

can  be  manipulated  by  means  of  pressure.  An  intriguing  possibility  for  a 

future  experiment  will  be  to  increase  the  pressure  above  the  freezing 
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point,  repeating  this  experiment  while  propagating  the  sound  in  solid 
Helium-4.  The  possibility  would  then  occur  of  observing  transverse 
modes,  which  would  follow  a  much  different  nonlinear  equation. 

IV.C.  PARAMETRIC  AMPLIFICATION 
We  have  attempted,  without  success,  to  make  an  acoustic  parametric 
amplifier  in  superfluid  helium.  The  goal  is  two-fold  :  to  increase  the 
signal-to-noise  ratio  of  the  acoustic  microscope  by  significantly 
decreasing  the  noise  in  the  receiving  system  (by  approximately  1 0  dB)  and 
to  further  our  understanding  of  resonant  three-phonon  processes  in  helium. 

The  key  physical  process  in  parametric  amplification  is  stimulated 
decay.  Figure  16  shows  the  process  with  a  "pump"  phonon  colliding  with 
the  "signal"  phonon.  The  signal  phonon  effectively  stimulates  the  pump 
phonon  to  decay  into  two  phonons,  one  which  looks  like  the  signal,  and  the 
"idler"  phonon  which  is  determined  by  conservation  of  energy  and 
momentum.  We  see  in  this  process  that  the  signal  has  gain  (it  has  doubled 
the  number  of  phonons)  and  the  pump  has  depleted.  If  the  pump  is  very 
large,  the  signal  will  grow  exponentially  from  parametric  amplification. 

The  noise  of  the  parametric  amplifier  is  determined  by  the  number  of 
phonons  in  the  superfluid  helium  which  are  similar  to  the  signal  phonons. 
Those  include  thermal  phonons  and  zero-point  phonons  which  can  also  be 
thought  of  as  quantum  noise.  For  our  experiments,  the  temperatures  are  so 
low  that  the  thermal  noise  can  be  disregarded  and  the  quantum  noise 
dominates.  Therefore,  an  acoustic  parametric  amplifier  in  low 
temperature  superfluid  helium  would  have  nearly  lowest  noise  possible, 


more  than  a  factor  of  10  less  than  what  we  are  presently  using. 

The  experimental  procedure  of  the  amplifier  is  as  shown  in  Figure  17. 
The  pump  and  signal  phonons  are  launched  from  a  sapphire  substrate  into 
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FIG.  16 —  Diagram  showing  stimulated  decay  of  pump  phonon  by  interaction 
with  signal  phonon,  resulting  in  amplification  of  signal. 
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FIG.  17--  Experimental  setup  for  parametric  amplifier  in  helium. 


liquid  helium  at  an  angle  determined  by  the  dispersion  in  helium  and  the 
frequencies  of  pump  and  signal  waves.  The  signal  phonons  are  amplified 
and  detected  by  the  same  transducer  after  bouncing  off  a  reflector 
surface.  Unfortunately  the  short  wavelengths  that  we  are  using  impose 
severe  requirements  on  the  alignment  of  the  two  sapphire  pieces  and  we 
have  not  been  able  to  meet  these  requirements  to  see  the  signal  reflected 
from  the  reflector  piece. 


V.  MECHANICAL  SCANNER 


The  mechanical  scanner  is  one  of  the  most  important  elements  of  the 
cryogenic  acoustic  microscope  as  its  accuracy  directly  determines  the 
quality  of  the  image  and  the  resolution  of  the  microscope.  The  scanner 
unit  of  the  old  versions  of  the  cryogenic  acoustic  microscope  used  a 
micrometer  controlled  rod  extending  to  room  temperature  through  the 
top-loader  of  the  dilution  refrigerator  for  focusing  purposes.1  We  have 
seen  previously  that  in  order  to  obtain  a  reasonable  signal-to-noise  ratio 
of  imaging  at  high  gigahertz  frequencies,  the  liquid  helium  cell  has  to  be 
pressurized  up  to  20  atmospheres.  The  pressurization  of  the  cell  requires 
that  this  cell  be  sealed  completely  to  withstand  high  pressures.  Hence, 
the  top-loading  feature  of  the  dilution  refrigerator  cannot  be  used  to 
change  samples  nor  to  bring  samples  in  and  out  of  focus.  So  we  had  to 
design  a  new  scanning  unit  to  allow  pressurization  of  the  cell. 

The  requirements  for  the  scanner  can  be  summarized  as  follows.  The 
fine  X  and  Y  scanning  is  used  for  taking  images  and  the  size  of  these  scans 
should  be  at  least  5  pm  to  get  an  adequate  field  of  view.  The  fine  Z 
scanner  is  used  for  fine  focusing  of  the  sample  and  should  cover  at  least 
5000  A,  several  times  the  depth  of  focus  of  the  microscope.  The  coarse  Z 
focusing  is  needed  because  the  samples  are  positioned  such  that  they  are 
millimeters  away  from  the  lens  to  avoid  contact  between  the  sample  and 
the  lens  due  to  differential  contraction  of  materials  during  cooldown. 

Coarse  Z  motion  brings  the  samples  near  focus  and  must  have  a  resolution 
of  at  least  the  range  of  the  fine  Z  motion.  The  turnaround  time  of  the 
refrigerator  is  approximately  4  days,  2  days  for  cooldown  and  2  for 
warmup.  Therefore,  one  would  like  to  have  some  coarse  X  and  Y  scanning 


capability  to  image  multiple  samples  during  a  single  cooldown.  These 
scanners  must  have  a  range  of  several  millimeters  to  change  samples  with 
step  sizes  of  tens  of  microns  so  as  to  look  at  adjacent  areas  on  a  sample. 

All  of  the  scanners  mentioned  above  must  be  very  rigid  to  avoid 
external  vibrations  to  limit  the  resolution  of  the  instrument.  They  must 
be  small  and  compact  to  fit  into  the  limited  space  of  the  refrigerator.  The 
heat  generated  during  scanning  must  be  less  than  100  pwatts  to  prevent 
temperature  rise  in  the  system.  All  these  requirements  make  the  problem 
of  the  design  of  the  scanner  a  unique  one. 

The  scanner  previously  used  in  the  superfluid  helium  acoustic 
microscope  also  had  problems  with  both  accuracy  and  field  of  view.  A 
moving  coil  -  fixed  magnet  combination  was  used  both  to  drive  as  well  as 
to  sense  the  motion.  The  system  was  not  very  rigid  and  room  vibrations 
limited  the  accuracy  to  approximately  100  A.  The  maximum  field  of  view 
was  100  pm,  limited  by  the  ohmic  heating  in  the  superconducting  scanning 
coils.  Therefore,  only  a  small  area  on  a  sample  could  be  imaged  in  a  single 
cooldown. 

We  have  gone  through  three  generations  of  scanner  design  during  the 
period  covered  in  this  report.  Figure  1 8  shows  a  diagram  of  the  initial 
design.  The  fine  scanning  in  X  and  Y  directions  are  obtained  using  stacked 
piezoelectric  ceramics  which  have  sub-A  accuracy.  To  achieve  a  range  of 
5  pm  a  mechanical  amplification  scheme  is  required.  A  mechanical 
scanner  with  these  specifications  have  been  developed  at  the  National 
Bureau  of  Standards  by  Scire  and  Teague.33  Figure  19  shows  a  diagram  of 
this  scanner  and  the  way  it  achieves  mechanical  amplification.  We  have 
built  scanners  using  this  design.  The  scanners  we  used  in  the  initial 
design  in  Figure  18  had  only  a  gain  of  2.5.  Since  then  we  have  built  new 
fine  scanners  for  the  new  versions  of  the  scanning  unit  and  obtained  a 
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FIG.  18--  Diagram  of  scanner  with  motor  controlled 
coarse  z-motion. 
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mechanical  gain  of  nearly  5  at  room  temperature,  providing  a  scanning 
range  of  15  pm  at  liquid  nitrogen  temperatures.  The  Z  fine  scanner  is 
simply  a  0.5  inch  long  PZT  tube  which  provides  a  motion  of  more  than  5000 
A  when  cooled  to  liquid  helium  temperatures. 

The  scanner  in  Figure  18  did  not  have  coarse  X  and  Y  motion  capability 
as  the  main  purpose  was  to  test  the  coarse  Z  positioning.  The  original  idea 
for  the  motion  in  Z  direction  was  to  use  an  electric  motor.  Since  the  final 
step  size  needed  is  extremely  small,  only  5000  A,  a  gearing  assembly  is 
required  to  reduce  the  movement  of  the  motor  and  to  increase  the  torque 
supplied  by  the  motor.  The  advantage  of  such  a  system  is  the  ease  of 
control  and  repeatability  of  steps.  But  the  gears  used  in  the  system  had  to 
be  degreased  to  enable  operation  in  the  low  temperature  and  vacuum 
environment  of  the  microscope.  Even  after  the  application  of  a  common 
low-temperature  lubricant,  MoS,  the  friction  in  the  gearbox  remained 
relatively  high,  causing  heavy  loading  for  the  motor.  We  tried  several  dc 
stepping  motors  and  ac  motors  rewound  with  superconducting  wires  to 
reduce  the  heat  dissipation  due  to  ohmic  heating  of  the  coils.  But  all  of 
these  motors  failed  to  operate  reliably  at  cryogenic  temperatures.  The 
heat  load  in  the  refrigerator  was  still  too  large  due  to  eddy  current  losses 
in  the  system. 

After  the  failure  of  our  attempts  of  using  motor-gear  assembly  to 
provide  Z  motion  for  the  microscope,  we  turned  to  another  idea  that  was 
employed  in  the  refrigerator  a  few  years  ago  in  an  experiment  to  measure 
dispersion  of  sound  waves  in  superfluid  helium.2  In  this  experiment 
coarse  motion  of  a  few  millimeters  was  achieved  by  pneumatic  bellows, 
pressurized  by  liquid  helium  administered  by  way  of  small  capillary  lines 
which  exit  the  refrigerator  to  a  gas  handling  system  at  room  temperature. 
Motion  is  experienced  by  a  steel  rod  attached  to  the  moving  end  of  a  very 
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stiff  stainless  steel  bellows  as  a  pressure  differential  between  the  inside 
and  outside  of  the  bellows  is  applied.  The  heat  load  of  this  system  to  the 
refrigerator  is  usually  very  low,  the  only  load  being  due  to  the  liquid 
helium  entering  or  exiting  the  bellows  when  pressure  is  changed.  This 
system  also  has  the  advantage  of  providing  smooth,  continuous  motion  of 
up  to  a  few  millimeters  which  can  be  controlled  to  less  than  1000  A.  The 
main  drawback  we  had  experienced  with  the  older  apparatus  was  a  drift 
caused  by  pressure  differences  due  to  bubbling  and  height  changes  of  the 
liquid  helium  in  the  capillary  line  which  goes  out  to  the  gas  handling 
system.  The  solution  we  proposed  was  an  additional  bellows,  mounted 
perpendicular  to  the  first,  which  would  be  used  as  a  "lock,"  squeezing  on 
the  focusing  rod  so  it  would  not  slip. 

Figure  20  shows  the  second  generation  scanner  unit  we  built  with 
bellows  controlled  Z  motion.  The  fine  X,  Y  and  Z  motion  assemblies  are 
identical  to  the  first  design.  On  the  bottom  of  the  cell  a  steel  block 
containing  the  focusing  and  locking  bellows  replaces  the  motor  gear 
assembly  of  the  first  scanner. 

We  tried  the  new  scanner  with  an  acoustic  lens  operating  at  a  center 
frequency  of  7  GHz.  The  wavelength  of  imaging  was  less  than  500  A  at 
pressures  near  20  atmospheres.  We  observed  a  few  problems  with  the 
scanner  during  this  experiment.  The  main  problem  was  the  limited  range 
in  the  Z  motion  and  locking  system.  This  is  because  the  system  is 
assembled  with  no  pressure  applied  to  bellows.  When  pressure  is  applied 
to  focusing  bellows,  it  moves  the  sample  towards  the  lens.  To  apply  the 
lock  with  the  locking  bellows,  inside  pressure  of  the  bellows  also  needs  to 
be  increased.  But  the  microscope  is  normally  operated  with  a  pressure  of 
20  atmospheres  in  the  cell  to  get  a  good  signal-to-noise  ratio  of  imaging 
and  liquid  helium  freezes  at  pressures  greater  than  25  atmospheres  at 
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FIG.  20--  Diagram  of  the  initial  design  of  scanner  with  bellows 
controlled  coarse  z -motion. 
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temperatures  below  1  K.  Therefore  this  system  utilizes  a  pressure 
differential  of  only  5  atmospheres  to  move  the  bellows  which  is  1/5  of 
the  maximum  range  that  can  be  achieved.  So  the  amount  of  locking  was 
limited  and  we  still  observed  some  drift  in  the  focusing.  The  system  also 
required  that  the  samples  positioned  to  within  much  less  than  0.5  mm  of 
the  lens  at  room  temperature.  This  also  created  the  possibility  of 
accidental  contact  between  the  sample  and  the  lens  during  cooldown  when 
differential  contraction  might  occur. 

We  then  started  working  on  the  third  version  of  the  scanner.  A 
diagram  of  the  scanner  is  shown  in  Figure  21 .  The  fine  X,  Y  and  Z  scanners 
are  still  positioned  at  the  top  of  the  cell  moving  the  lens  assembly.  The 
coarse  Z  scanner  was  modified  as  shown  to  solve  the  problems  observed  in 
the  previous  design.  Both  the  focusing  and  locking  bellows  are  turned 
around  180°.  The  focusing  is  controlled  by  two  bellows  (only  one  is  shown 
in  Figure  21 ),  connected  together  by  steel  rods  in  the  shape  of  a  "W."  The 
sample  plate  rests  on  the  center  pillar,  and  the  bellows,  when  pressurized, 
push  down  on  the  sides  of  the  "W,"  thus  lowering  the  sample  plate,  i.e., 
increasing  its  distance  from  the  lens.  Therefore,  the  samples  can  be 
positioned  near  the  lens  with  no  pressure  applied  to  the  bellows  and  the 
bellows  are  pressurized  to  increase  the  separation  between  the  lens  and 
sample  to  avoid  contact  during  cooldown.  When  imaging  near  a  pressure  of 
20  atmospheres,  the  pressure  in  the  bellows  can  be  lowered  to  bring  the 
sample  in  focus.  The  locking  bellows  are  also  turned  around  so  that 
lowering  the  pressure  brings  the  bellows  to  locking  condition.  Therefore 
this  arrangement  of  bellows  has  nearly  full  use  of  the  25  atmosphere 
range  possible  in  liquid  helium. 

The  scanner  in  Figure  21  also  has  the  capability  of  coarse  scanning  in 
X  and  Y  directions.  These  scans  are  achieved  by  a  simple  coil-magnet 
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FIG.  21 —  Cross-sectional  view  of  the  complete  scanner  assembly. 
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configuration.  The  system  consists  of  two  coils  next  to  each  other  and  a 
cylindrical  magnet  in  the  center  of  the  coils.  When  a  current  pulse  is 


4 
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applied  to  the  coils,  Lorentzian  forces  move  the  magnet  in  a  direction 
depending  on  the  polarity  of  the  current  pulse.  The  size  of  the  steps  are 
controlled  by  the  friction  in  the  system  and  the  inertia  of  the  magnets  as 
well  as  the  magnitude  and  duration  of  the  current  pulse.  Two  of  these 
systems  are  orthogonally  mounted  on  top  of  the  coarse  Z  block  and  they 
move  the  sample  plate  in  X  and  Y  directions. 

We  have  tested  this  scanner  system  with  a  7  GHz  acoustic  lens  and 


we  were  able  to  observe  the  acoustic  reflections  from  the  sample.  The 
locking  mechanism  seemed  to  operate  successfully.  The  drift  in  the  focus 
appeared  to  be  very  small,  less  than  5000  A  in  a  time  span  of  30  minutes. 


VI.  CONCLUSION 


With  the  development  of  high  efficiency  transducers  operating  at 
millimeter-wave  frequencies  and  the  new  mechanical  scanner,  we  are  now 
in  the  process  of  setting  up  the  microscope  for  operation  at  32  GHz  in 
superfluid  helium.  The  acoustic  wavelength  in  helium  at  this  frequency  is 
approximately  1 00  A  at  a  pressure  of  20  atmospheres.  So  we  should 
expect  sub-100  A  resolution  with  this  instrument. 

We  want  to  point  out  here  that  the  millimeter-wave  acoustic 
transducers  we  have  developed  can  be  useful  in  areas  other  than  superfluid 
helium  acoustic  microscopy  such  as  millimeter-wave  technology. 
Millimeter-wave  systems  for  communications,  radar,  plasma  diagnostics, 
etc.,  are  currently  being  developed  by  several  industrial  companies.  High 
efficiency,  low  loss  acoustic  transducers  can  be  used  to  develop  signal 
processing  devices  such  as  resonators,  delay  lines  and  filters  at 
millimeter-wave  frequencies.  We  have  discussed  this  program  with  some 
of  the  companies  working  on  millimeter-wave  devices  and  they  have 
supported  our  research.  Microwave  Products  Division  of  Hewlett-Packard 
helped  us  with  the  electronic  instrumentation  at  32  GHz.  TRW  has 
developed  state-of-the-art  HEMT  transistors  to  be  used  in  low-noise 
millimeter-wave  receivers  and  they  have  agreed  to  help  us  with  these 
receivers  for  experiments  at  a  frequency  of  32  GHz.  The  Aerospace 
Corporation  also  has  a  program  on  high  frequency  superfluid  helium 
acoustic  microscopy  and  they  will  especially  benefit  from  the  results  of 
this  research. 

The  high  frequency  acoustic  transducers  can  also  be  useful  to 
understand  several  physical  phenomena  such  as  sound  attenuation  at  high 


frequencies  and  phonon  interactions  in  solids.  Low  frequency 
experiments2-3-34  can  be  extended  to  millimeter-wave  to  understand  the 
interesting  dispersive  -  nonlinear  oroperties  of  sound  wave  propagation  in 
low  temperature  liquid  helium. 
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